ABSTRACT
Introduction
Antarctica, due to its geographical separation from other continents and the presence of the oceanic polar frontal zone and the Antarctic Circumpolar Current, is an isolated continent [1] [2] [3] . The part of the continent where the monthly mean temperature in the summer rises above zero is separated into a distinct zone-the maritime Antarctic [1, 4] . Whilst the majority of the Antarctic continent is covered by permanent ice and snow, only 2% of the landmass is available for colonization by plants and animals [5] . The maritime Antarctic ecosystems host two species of flowering plants: the Antarctic hairgrass (Deschampsia antarctica Desv., Poaceae) and the Antarctic pearlwort (Colobanthus quitensis Kunth. Bartl., Caryophyllaceae) [6] . It is generally assumed that these species have colonized this region by means of long distance dispersal during the Holocene [1, 7, 8] . However, the fact that these species are the only flowering plants present in the native flora of this region raises the question of why no other species characteristic of the southern sub-polar regions have colonized the maritime Antarctic within the period since the last glacial maximum [7, 9] , as a wide range of other vascular plant species are known to be present in the neighboring sub-Antarctic [7, 70] . The same latitudes in the Arctic, with its equally inclement habitats, host a much larger list of vascular plant species [11] .
A further complication is added by the recent rapid warming periods in the region over the last 50 years [12] . This warming has equaled the most rapid rates globally, demonstrating a rise of 3˚C annually along the western coast of the Antarctic Peninsula [3, [13] [14] [15] [16] [17] . Nonetheless, a dispersal of other species adapted to polar climate has not happened [7, 9] . Only expansive weeds such as Poa annua L. and P. pratensis L. that lack any signs of appropriate adaptation to polar environments have been able to afford human-mediated colonization of this region [9] . However, no considerable expansion beyond the zone of primary invasion of the only live population of P. annua in the region has happened since more than 20 years ago [1, 18, 19] . Reports about other species encounters in Antarctica appear from time to time, e. g. the finding of Nassauvia magellanica J. F. Gmelin (Asteraceae) of Patago-nian origin on Deception Island (Downie, personal communication, 2009). However, as a rule, such colonists are not known to survive for longer than one season [1, 7] . Interestingly, experiments with artificial transplantation of the Patagonian and sub-Antarctic species to the region have not been successful [7, 9, 20] .
Profound adaptation to Antarctic conditions, dependence on mycorhizas, as well as notable isolation, have been put forth as the possible reasons for the lack of vascular plants in this region [7, 9] . However, the question has not been answered yet and, in this review, we analyse a body of evidence available across the bio-logical disciplines, in order to clarify the existence and the importance of the specific traits of D. antarctica and C. quitensis that ensure their survival and apparent success in this region.
The genus Colobanthus Bartl. is distributed mainly in the Southern Hemisphere (only C. quitensis is listed in Mexico). Different authors give different numbers of species in the genus Colobanthus [26] . Thus, for South America the list varies up to 13 species, part of which are now included in Colobanthus quitensis and the rest in C. subulatus (D'Urv.) Hook. f. Of all the species of the genus, only C. quitensis is found in the maritime Antarctic, again reaching Lazarev Bay on Alexander Island [Convey, personal communication, 2008] . C. subulatus is dispersed to the south up to South Georgia [26] . Overall, the genus consists of up to 20 species [27] .
Other species of the genus that are related to C. quitensis are found on Kerguelen with the adjoining islands, as well as on Heard Island-C. kerguelensis Hook. f., Tasmania, New Zealand, sub-Antarctic islands of the Australian sector-C. muscoides Hook. f., Macquarie Island-C apetalus (Labill.) Druce., as well as on the Falkland Islands, Tierra del Fuego, and Patagonia up to the latitude of 52˚25' S-C. subulatus [26, 28] . C. quitensis differs from these species in a number of morphological traits: the character of leaf tips, the leaf width, the relative length of the sepal and the seed capsule, and the sepal count [26] .
C. quitensis and D. antarctica are characterized by significant interpopulation variability of the traits mentioned above, which was the reason to separate the species into a set of derivative species by early studies. The distribution area of C. quitensis encompasses Mexico, the highland regions of Ecuador, Bolivia, Chile, and Peru. It is also present on Tierra del Fuego, the Falkland Islands, South Georgia, the South Orkney Islands, the South Shetland Islands, as well as along the west coast of the Antarctic Peninsula with the adjacent archipelagos [26] .
In the maritime Antarctic, along the west coast of the Antarctic Peninsula, and on the adjacent islands the distribution density of the populations of both species of vascular plants is heterogeneous. Their populations are primarily located in the following three regions: 1) the South Shetland Islands; 2) in the region between Cierva Point and Cape Garcia; and 3) near Marguerite Bay. Detailed maps of the distribution of both species in the region have been provided by a number of authors [20, [29] [30] [31] [32] [33] .
Ecology and reproduction
The habitat of the vascular plants and the plant communities they create is largely defined by the climate of the region. As a result of the influence of the circumpolar current a branch of which creates a buffering effect by alleviating the temperature fluctuations in the region, the climate of this part of Antarctica is oceanic [1] . Nevertheless, January is the only month when the mean air temperature rises above zero. At the same time, the air temperature rarely drops below -15˚C during the coldest months (June through September). In this region, the negative temperatures may occur at any time throughout the year. However, even slight declensions in the landscape may play a crucial role in creating a microclimate due to the low position of the sun in Polar zone. These and other specific traits cause a variegated mosaic of microclimates, often differing even between the neighboring islands [10] .
Vascular plant vegetation areas are represented by rocky slopes, moraines, simple soils (including peats) and pebble beaches free of ice and the summer snow cover. At smaller scales, plants can root on cliff ledges and in crevices [20, [29] [30] [31] [34] [35] [36] [37] .
Both species appear not to be very demanding with regards to the Antarctic soil characteristics. Nevertheless, the slow organics decomposition processes driven by invertebrates and fungi that take place in this substrate still allow drawing an analogy line between this substrate and soils [38] . Based on the main source of organics inflow, maritime Antarctic soils can be divided into two basic groups: those formed under the Antarctic plant communities [39] and ornithogenic. The latter are formed in barren bird colony areas and are characterized by high organics content [40] .
Regarding the organics content in the soil, both vascular plant species of the region inhabit locations within very wide ecological amplitude. This equally applies to the content of microelements and trace metals [41] [42] [43] .
Vascular plants develop a special Antarctic herb tundra formation which comprises a single grass and tuft chamaephyte sub-formation [6, 10] .
The plant starts tillering out early, producing shoots. Young shoots are contained inside the leaf sheath. Leaves are sessile, linear. The plant has bisexual flowers gathered into tight acervuli. The species is considered self-pollinating. Its flowers remain closed, so that self-pollination makes for cleistogamy [44] . However, based on up-todate data, the possibility of cross-pollination can not be completely excluded, as in South America both cleistoand chasmogamic flowers have been shown for this species [45] . Chasmogamy may sometimes occur during the mild seasons in Antarctica as well, as the ratio between forming cleistogamic and chasmogamic (capable of crosspollination) flowers in other plant species has been shown to depend on the environmental conditions [46, 47] . In the Antarctic conditions, the development of D. antarctica begins in November when seed germination and recovery of last-year tufts starts [45] .
The species is capable of vegetative propagation by means of tuft outgrowth and split-off of the tuft parts. D. antarctica plants often form a single dense and contiguous tuft, which area varies from one to several hundred square meters. A die-off of the plants in the central parts of the tuft has also been documented. An uprooted plant is capable of re-establishing after being transported to another appropriate place [48] . As a result of this ability, the possibility of plant dispersal by birds (as a nest building material) has repeatedly been suggested [7, 13, 48] .
C. quitensis is a perennial flowering plant which forms dense low rounded hemispheric tufts and lives up to 35 -40 years. This plant has a tap root, is almost incapable of vegetative reproduction [49] and has an age structure similar to that of D. antarctica [37, 50] . The species, in most if not all cases, is a self-pollinator. Its stamens arranged in front of the pistil make for a high probability of cleistogamy, which leads to inbreeding. The seed yield resulting from one self-pollination event is rather high: near 43 seeds per capsule in plants from Tierra del Fuego and the Ands [26] .
There is almost no evidence of vegetative reproduction in C. quitensis, and all studied populations seem to have originated from seeds. Under favorable conditions, seeds of this species can survive for a long time. The germination temperature may be high. Seed germination disruption in C. quitensis has been observed when the temperature dropped from 9˚C to 2˚C [49] .
In C. quitensis, just like in other perennials with slow growth in extreme environments, the appearance of new plants from seeds occurs only in some years [49] . Nonetheless, this is the groundwork of its population renewal [11] . Studies of the population structure of C. quitensis have revealed its extreme irregularity. Low reproduction rates are common for Antarctic and highland plants, as the success of seed reproduction and seedling survival are severely restricted by the unfavorable climatic factors. It has been shown that on some islands the reproductive success of C. quitensis depends on the conditions during a particular year. This species blossoms irregularly on the Argentine Islands and in other places of the maritime Antarctic. In some years, high seedling mortality has been registered. A successful seed reproduction is rare in such species, being almost exceptional [51] . Thus, it has been demonstrated for nine Arctic herb species that the proportion of flowering plants varies from year to year in the range between 0 and 40%, and the percent of surviving seedlings-between 0 and 96% [49] .
In the case of the species discussed, dispersal of tufts by birds may also be possible. The modelling of this kind of dispersal of C. quitensis tufts that the authors carried out in different zones of Point-Thomas Oasis demonstrated that their successful rooting is possible on relatively wet areas of the ice-neighboring zone [48] . An increased fitness of both species under the dynamic conditions of the Antarctic environment may also be pro-moted by their ability to form seed banks yet described within the region [52] . Meanwhile, newcomer species can not generate a sufficiently large seed bank, and consequently a sufficient number of populations, in time, which doesn't favor their establishment and may cause early elimination, just like it happened, for instance, to a population of Poa annua that had survived through 13 years and was obliterated in 1967 by a volcano eruption on Deception Island [9] .
Development of mycorrhiza cannot be considered as unique adaptation factor for either of the species as is not a specific process, and the fungi revealed are not unique to these vascular plants due to their vast distribution in the nearby sub-Antarctic [53] .
Overall, the life forms, ontogeny, and reproduction of the Antarctic vascular plants do not show any radical distinction from other closely related or having the same life-form species of the Polar Regions or the highlands [11, 54] , whose reproductive biology is well adapted to the inclement environment of their habitat.
Anatomical and Biochemical Adaptation
The investigation of both Antarctic flowering plant species has not revealed any traits that could allow for a qualitative distinction from the other polar species and would explain the better survival of these species in the most inclement regions on Earth [55] [56] [57] . In general, their anatomy is characteristic of the plants inhabiting arid places. Leaves have stomata and their upper sides are coated with a thick layer of wax, which is one of the traits representative of the drought-resistant plants. The hairgrass is known to have a wide range of individual forms which differ by the chloroplast count in the cells of the inner leaf tissue-mesophyll. The number of chloroplasts negatively correlates with such parameters of the environment as short daylight hours and low average annual temperatures [57] .
Peculiar traits of the photosynthetic system of both species have been a separate study topic. In general, the photosynthetic system of vascular plants is well adapted to work under low temperatures. However in these Antarctic species it becomes photosynthetically inactive when the temperature drops below -2˚C, just like in all other vascular plants [9, 58] .
The search for the reasons of this uniqueness was directed towards the biochemical adaptations to living under low temperatures and severe UV-exposure conditions [59] . In doing this, the majority of researchers addressed D. antarctica, and to a much lesser degree C. quitensis. On the biochemical level, D. antarctica has a system of adaptations typical, to a varying extent, of all cold habitat plants. There is a group of stabilizer hydrophylic proteins-dehydrines-the intensity of synthesis of which alters under a low temperature stress [60] and for which there are several genes identified in the hairgrass. One part of the products of these genes accumulates under an external influence by abscisic acid (ABA), and another part-under osmotic and salt stress, which is demonstrated by the presence of an ABA-dependent and ABAindependent pathways of dehydrine synthesis regulation. Analysis of the pool of these proteins has identified seven stress proteins accumulating under the low temperature stress in vascular and tectorial tissues where the zones of initial ice formation are found [61] .
It has been shown that heat shock proteins (70 kDa) also accumulate in D. antarctica under the temperature stress and may well explain its low photosynthetic optimum temperature (+13˚C) [5, 62] .
Tests for the presence of anti-freeze proteins typical for plants (irrespective of the area of their distribution) in D. antarctica have revealed their proportion in the general protein pool to be rather high [63] . Additionally, an IRIPs (recrystallization inhibition proteins) gene has also been identified in D. antarctica which codes for a protein that inhibits water recrystallization in the extracellular space. However, the protein is not species-specific [64] .
Sequences have been identified in the D. antarctica genome which are homologous to the sequence of the genes coding for ubiquitin-like proteins. In plants, these proteins participate in the ubiquitin-ATP-dependent protein degradation and, in particular, prevent self-fertilization and are involved in reactions to stress [65] . Under low temperatures, activation of antioxidant enzymes [66] and soluble carbohydrate accumulation in tissues [59] have been revealed as well. A gene has been studied in D. antarctica which codes for the saccharophosphatesynthetase enzyme. The activity of the enzyme is known to increase in response to low temperature, although its quantity and the expression of the gene remain stable [67] .
Investigation of the lipid composition of the D. antarctica membranes has not revealed any special lipids. However the phosphatidyl glycerol content is lower, which is commonly linked to higher sensitivity to stress [68] . A comparison between the pigment-protein complexes of the thylacoid membranes of D. antarctica and Pisum sativum L. [69] has not revealed any differences either. At the same time, quantitative differences have been found in the general content of different pigment-protein complexes [70] . D. antarctica's defence against UV-exposure is activated by means of an increase in β-carotene content and a reduction of violaxanthin, as shown for the UV-treated leaves. The role of carotenoids may be linked to the defensive increase in thylacoid membrane fluidity as a reaction to damage produced by oxygen upon exposure [71] . An increase in flavonoid content has also been shown as a mechanism of defence against UV-exposure, however this type of reaction is not specific to Antarctic plants [72] .
Gene database search (GenBank, TrEMBL, and SwissProt (http://www.expasy.org; Supplement 2) revealed 37 amino acid sequences that can be determined which are part of the D. antarctica proteome. Of these, 20 sequences are potential proteins or protein fragments with a predicted function, and 17 sequences are potential proteins or protein fragments whose function has been determined. It has been shown for D. antarctica that the transcripts of 25 genes previously described for other species appear as a reaction to cold [73] . The analysis performed shows that the annotation of the genome and the proteome of D. antarctica is in its initial stage, and the functions of most known potential proteins have yet to be determined [70, 73] .
Cytogenetic Traits
The total chromosome number of the species of the genus Deschampsia is usually 2n = 26, with the basic count X = 13. There are only some species with the basic chromosome count 7, such as D. artropurpurea (2n = 14) and D. flexuosa (commonly 2n = 28), which, according to molecular taxonomy data, are isolated as separate genera [22, 24, 74] (Table 1) .
Differences between the Deschampsia core and D. atropurpurea and D. flexuosa have been demonstrated by studying isozyme spectra, C-banding, and using methods of plastid and nuclear DNA restriction patterns [22, 24] .
Analysis of the data in Table 1 reveals that irrespective of the areal (and in the majority of cases the species of the genus are adapted to living in cold wet meadow habitats) speciations were not accompanied by changes in chromosome numbers. However, polyploidization and aneuploidization of the genome have been found. Karyological variations in the species of the genus Deschampsia, namely D. caespitosa, are caused by the ability of smaller chromosomes to merge with subsequent polyploidization [22, 77] . Based on this, Poaceae have been attributed traits of ecological differentiation linked to ploidy, with diploid plants having lower degrees of potential realization of their niche than polyploids. The degree of this realization increased with an increase in ploidy [78] . It seems like it is this trend that lies at the mainstay of the appearance of new species forms that are known to have only tetraploid (with n = 13) karyotype, such as for instance D. obensis, D. mackenziana, and D. mildbraedii ( Table 1) .
The high proportion of aneuploids and the variation of the diploid chromosome count from 18 to 26 have also been shown by cytological analysis for D. caespitosa from northern Lake Ontario populations (Canada). Besides, individuals with 2n = 26 are known to contain additional so-called B chromosomes. The role of the latter, also identified in the genome of D. wibeliana, remains unclear [75, 79] . In some specific habitats polyploidization has been found to lead to isolation of endemic forms [76] .
Regarding D. antarctica, its karyotype, according to the only data available up to date [24] , is 2n = 2x = 26, with the karyotype formula 10 m + 6 cm + 2 t. The nucleolar organizer region is located on the short arm of one of the submetacentric chromosome pairs which form a terminal satellite. The authors have also detected aneuploidy (aneusomy). The investigation of the secondary roots in D. antarctica from Galindez, Petermann, and Berthelot islands (the location of Ukrainian Vernadsky station, the maritime Antarctica) elucidated the whole picture. Additionally, polysomy has also been revealed. The chromosome count variation in root radix meristem cells was rather high-from 10 to 68 chromosomes. Therefore, D. antarctica from this region not only demonstrates polysomy with a range of variability of the chromosome count comparable to that of the genus, but is also characterized by frequent aneuploidy [80] .
It is generally believed that species with low DNA content are better adapted to lower temperatures, i.e. DNA content may be considered as one of the factors that influence geographical distribution [7] . D. antarctica's low DNA content (10 pg) does indeed characterize the species as one preadapted to develop in cold habitats [81] .
A reaction of the plant's leaf tissue interphase cells to alterations in environmental conditions has been demonstrated. Analysis of DNA content in the nuclei of leaf parenchymal and epidermal cells in plants from different populations from the Argentine Islands and the Point Thomas oasis has revealed statistically significant differences of this parameter in plants from different places. Therefore, with regards to nuclear DNA content (the degree of ploidy) the genus Deschampsia, including D. antarctica, is a complex heterogenous entity. Ploidy and DNA content vary significantly, which, in our opinion, is of adaptive importance [42] . This is congruent with the ideas about the mechanisms and causes of these phenomena proposed by other authors who link the observed aneusomy to the differential influence of environmental factors, temperature in particular (see discussion in [24] ).
Regarding C. quitensis, its 2n chromosome set includes 80 chromosomes. Due to the small size of the chromosomes, karyotype investigation has not been completed so far. Near 80 chromosomes have been found in other close species, such as C. apetalus and C. affinus [26] . 
Evolutionary and Phylogenetic Aspects
While recognizing D. antarctica and C. quitensis as Antarctic indigenous species, the majority of researchers adhere to the hypothesis of post-Pleistocenic colonization of the region by these plants [5, 7, 8, 30] . At the same time, the exclusive existence of only these two species and the traits of their high gradual adaptation allow one to suggest that their earlier colonization of the region happened during the Tertiary period [82] . [83] . The first finding of a pollen grain of Caryophyllaceae-Caryophylloflora paleogenica G. J. Jord. and Macphail-occurred in Australia and New Zealand and relates to the late Cretaceous [84] . This species may well have pertained to any other caryophyllid group sensu lata [8] , however true Caryophyllaceae themselves appeared in South America not later than in Myocene [84] . In the case of Poaceae, in Myocene there was an expansion of these C4 plants over the adjacent territories with a formation of open grass communities [85] . Attempts to describe the directions and timing of the general Antarctic vascular plant species dispersal have been made only for Deschampsia. There are two hypotheses of the initial dispersal of the species of this genus: the northern one, which assumes that the genus developed at high and middle latitudes of Eurasia and only later spread to the south where a secondary speciation center formed, and the southern one with the origin point in South America, which assumes the genus to be very old in the Southern hemisphere [21] . The common clade for South American species together with D. antarctica (batched based on molecular genetics data) corroborates the localization of the species creation center of at least this part of the genus near the points of contact between South America and Australia and New Zealand via the Antarctic, which may have been the case all the way up to Pleiocene [21, 83] . Based on the general idea by Hooker who admitted in 1851 that modern southern flora might represent remnants of the flora of Gondwana [1] , a concept has been coined that D. antarctica and C. quitensis appeared in the region before Pleistocene. In view of the contact between South America and Antarctica via the chain of the Scotia Islands, dispersal all the way up to the late Tertiary when the Antarctic ice sheet still didn't cover the whole continent can not be excluded [82] . At the same time, the vicissitude of glacial maxima and minima that took place during that period in the maritime Antarctic [86] didn't lead to vegetation extinction, and so might concurrently make for its gradually adaptation (mainly thereby wide distribution and dence seedbank) at the onset of the Pleistocenic maximum. In a reply to this suggestion, it was noted that in case of such an ancient age of these species they should have gone through a significant divergence leading to new younger species and subspecies [8] . Perhaps, one could look for the traces of such a divergence in the previously described close relatedness of the sub-Antarctic species of the genus Colobanthus, as well as in the attempts to isolate 13 species within the genus Colobanthus instead of the two-C. quitensis and C. subulatus-from South America [26] . Contrary to what many researchers might expect, such a variability of closely related forms interpreted as separate species might not gain speed to develop further due to the narrow range of ecological constraints a form was obliged to fit in to have a chance to survive in the inclement environment of the Andean highlands or Antarctica gripped by ice.
Still, there remains an open question about the possibility of vascular plants' survival in the region through the glaciation events during Pleiocene-Pleistocene (20 -1 mya). Information on the scale of glaciation in the Southern hemisphere would be of much help in answering this question. However, determination of ice boundaries is often complicated due to their erasure or masking by later events [3] . Based on data by Sugden and Clapperton [87] and Law and Burstall [28] , Smith notes that Antarctic vegetation could hardly remain to the south of South Georgia and Heard Islands which probably were fully covered with ice [1] . At the same time, a reference to a map of glaciations on the Antarctic Peninsula during the Pleistocenic maximum compiled based on a whole series of publications suggests that the South Shetland, South Orkney, and South Sandwich Islands were outside the zone of contiguous ice sheet [88] . Also, although Tatur [89] with a reference to Clapperton [90] presents a map illustrating the total glaciation of King George Island, it still contains areas marked as free of ice. Marsz [91] points out a series of regions on this island which, due to a number of reasons, could not freeze over.
In such conditions, the possibility of the ice-free zonesAntarctic refugia-remaining in the region should be considered [82] . For instance, two territories that have not been covered with ice and a number of invertebrate species that have survived have been demonstrated [3, 92, 93] . However, in the case of vascular plants of the maritime Antarctic, only the areas close to the ocean which are exposed to the buffering effect of the ocean could probably serve as refugia, as it is this effect that alleviates the climate oscillation [1] . Due to the diverse relief, exposition, and the underlying rock composition, a variety of microclimates form, some of which may be suitable for D. antarctica and C. quitensis. This seems to be the only plausible reason why the species are absent from many maritime Antarctic shore areas under the conditions of the progressing warming in the region. There is also evidence that this, together with the geomorphological and other characteristics, hinders ice sheet formation on many maritime Antarctic territories [91] . According to Marsz, this kind of oases can be observed on King George Island. One of them, the Point Thomas oasis, is characterized by some of the largest tufts of Antarctic herb tundra formations in the maritime Antarctic [32, 94] . The present day area of such oases compared to that of bare vegetation-free morains is relatively small. The oldest peat deposits on sub-Antarctic and Antarctic Islands are known to be of Holocene age (5 -6 thousand years; [1, 3] . However older deposits may have not remained as a result of regular washouts or sliding of large masses of peat into the ocean driven by ice streams and the ice tongues of the many ice encroachments rather than glacial rock overlay.
Molecular Genetics Data
As part of the discussion on the directions and timing of the Antarctic vascular plants' colonization, a reference to the molecular genetics data should be included which, according to some authors, suggest a relatively recent colonization of the region [8] . Indeed, it is a generally accepted idea that biota of the Antarctic refugia must demonstrate a notable genetic diversity as a result of the accumulation of mutations with their fixation by inbreeding and the absence of gene drift [95] . On the contrary, recent colonists are believed not to have enough time to generate interpopulation diversity and demonstrate the founder effect.
A large amount of data on D. antarctica heterogeneity has accumulated from research based on the AFLP method. However, an important limitation of the method is its inability to identify the genomic sequences responsible for the detected heterogeneity. For this reason, interpretation of the results obtained by AFLP may be complicated [96] . The interpretation of the results of earlier D. antarctica genetic polymorphism studies have been ambiguous. A study using the AFLP method has demonstrated, according to the authors' interpretation, a low variability-13% between populations from Signy Island (the South Orkney Islands) and Anchorage, Lagoon, and Leon Islands that are 1350 km away from the first one. Nevertheless, AFLP method results inevitably bring about the question of what is the actual age of the divergence a given heterogeneity accounts for. At the same time, a high polymorphism has been revealed between the populations from different parts of Signy Island, and a low one between those from the southern region. Additionally, the absence of identical genotypes was registered in both regions [97] . Chwedorzewska, also based on AFLP, has found a higher interpopulation heterogeneity in D. antarctica compared to that of the Arctic species D. brevifolia R. Br. and D. alpina (L.) Roem and Schult. from the Svalbard archipelago, with the latter two species demonstrating clear evidence of being post-Pleistocenic colonists. At the same time, D. antarctica populations of maritime Antarctic farther south demonstrated lower heterogeneity than northern populations living in a less hostile environment [98] . Such a pattern, apparently, can be explained by a stepwise dispersal of the species in the region [8] . Concerning the possibility of multiple colonization events, provided several genotypes have remained in different Antarctic oases, their counter-dispersal during the period of milder climate conditions on from the beginning of Holocene may well have made for the pattern obtained by Chwedorzewska. This explanation is corroborated by another two studies on interpopulation polymorphism in D. antarctica, also using AFLP. The co-existance of the two groups of genotypes and intermixed populations has been revealed in a study of the molecular heterogeneity in populations from the Point Thomas oasis (King George Island) [99] .
Additionally it has been shown that interpopulation heterogeneity in plants from the Falkland Islands is higher than that between other maritime Antarctic populations that live farther apart from each other. On the other hand, an analysis of heterogeneity in D. antarctica from the far more distant South Shetland Islands and Argentine Islands has revealed that the plants from both regions are equally heterogeneous, which didn't allow their clear-cut clustering with further batching them in agreement with their geographic location [100] . The higher heterogeneity in northern regions, again, provides evidence of more genetic variants that have formed here, while the heterogeneity level-off in populations from regions farther south may be explained by a northern origin of these populations, which is in accordance with the previous study.
Therefore, AFLP data can suggest the localization of the center of genetic diversity of D. antarctica on the north of the maritime Antarctic [97] and the adjacent archipelagos of sub-Antarctic, which, in our opinion, is in good agreement with the possibility that refugia have existed here in which the species might survive glaciations. Such a picture, in the case of Antarctic vascular plants, could well make use of the Wladislaw Szafer's idea of migration relicts as species relict only in some parts of the areal, i.e. those that dispersed from refugia into adjoining regions at a later time [82, 101] . In the case of Antarctic plants, survival may have been successful in a number of refugia close to the sea on the South Shetland Islands and the South Orkney Islands, as well as, perhaps, the South Sandwich Islands from which individual plants with relatively heterogeneous (after isolation) genotypes might counter-disperse into both the more southern territories of the maritime Antarctic and the nearest ice-free regions. Preservation of glacial refugia on South Georgia Island has also been suggested [102] . The presence of flowers capable of cross-pollination in D. antarctica indicates that gene transfer between the usually cleistogamic populations may also be possible during particularly favorable seasons.
Such data are absent for the second Antarctic vascular plant species, however the notable morphological variability of C. quitensis, as well as the concentration of species of this genus in the northern parts of the maritime Antarctic, Scotia and the southern end of South America [26] is in good agreement with the idea of the existence of refugia specifically in this region.
More specific conclusions based on the available body of AFLP data might be expected if it included populations from South America. Investigation of these maternal (apparently in both cases-pre-Pleistocenic and postPleistocenic colonization) locations would probably help to clarify the time of the divergence. However in this case, one should keep in mind that those Andean glaciations, similar to those in Antarctica, significantly restricted the territories suitable for vegetation development. As a result, the territories that became free of ice after the glaciation periods could have been colonized by plants from both the neighboring populations and those transmitted from the regions farther south.
One of the reasons why AFLP data should be approached with a great deal of caution becomes apparent from the studies on genetic heterogeneity in a population of the annual grass Poa annua L., a species which is known to be a transferred weed that appeared near the Polish station Arctowski in the 1980s. Admitting that the station personnel is accountable for transferring the plant from Europe, in contrast to the expected low heterogeneity in this species as a result of the founder effect, Chwedorzewska points out that the actual heterogeneity is surprisingly high-60% [103] A concurrent study of D. antarctica from South America, sub-Antarctic, and the maritime Antarctic has been done only with respect to non-coding chloroplast DNA [100] . Only three haplotypes of the chloroplast DNA have been found, with heterogeneity obtained with only a small fraction of primers. Additionally, very large territories were represented with just a few samples in this study. The revealed unique for the South Orkney Islands haplotype C within the zone of contiguous distribution of haplotype A brings about the idea that plants with different genotypes can neighbor on the same island or a close group of islands. Therefore, the existence of plants bearing these and some as yet unknown haplotypes in other regions can not be ruled out. Based on the revealed haplotype C unique for the Orkney Islands, one could suggest a possible refugium located here. However, there is evidence of the putative glaciation of the whole area south of 60˚ [87] . At the same time, the absence of such evidence from the Indian Ocean side (the Kerguellen and Crozet archipelagos) allows the authors to describe the haplotype formed here as a result of the isolation in refugia near the ice sheet edge [100] .
In order to be able to come to safer conclusions about the age of the divergence between species living in South America, sub-Antarctic, and maritime Antarctic, some researchers turned to employing molecular markers that are more use-proven in phylogenetic plots. The authors are aware of only one study in which several specimens of С. quitensis from the Chilean Ands and the maritime Antarctic were compared with regards to the internal transcribed spacer (ITC) of ribosomal DNA. The variability of the nucleotide sequence of this, common in taxonomy, region of DNA was only 1.17% [104] .
However 35S rDNA (the nuclear locus coding for 5.8S, 18S and 25S rRNAs; for review see [105] represents a class of repeated sequences under control of concerted evolution which is responsible for the high degree of homogenization between repeats [106] . The high degree of homogenization and the existence of regions evolving with different rates make 35S rDNA a very attractive tool for molecular taxonomy, phylogeography, and population genetics. In particular, comparison of rapidly evolving ITS1 and ITS2 has widely been used for taxonomic reconstructions among members of the same or closely related genera [107, 108] .
For instance, Saxifraga paniculata Mitt., which has undoubtedly survived highland glaciations in separate refugia, demonstrates only 14 variable nucleotides (2.4%) out of 583 nucleotides of ITC on the interpopulation level [109] . In the Mediterranean plant genus Anthyllis, the species Anthyllis montana L. is known to have evolved in late Pleiocene through early Pleistocene. It differs from its closest species by 5, 2, and 17 nucleotide substitutions in ITC. Its intraspecific divergence started only in late Quarternary (0.7 mya) [110] . A similar history, in the case of D. antarctica and C. quitensis, could potentially explain the absence of clear-cut species separation for the significant geological time some authors propose [8] , as well as the onset of species split in the post-glaciation period, which seems to have taken place in the region with C. quitensis. Interestingly, based on the data on interpopulation variability of ITC in 12 plants of D. antarctica from 6 sites in the region of the Argentine Islands and 6 sites on King George Island (the South Shetland Islands separated from the former group by 500 km), as well as data available from GenBank (http://www.expasy.org), a high degree of identity (96.3%) between the samples and GenBank data was observed with the total differences between plants from different populations being within several nucleotides [96] . Nonetheless, analogy with the abovementioned Anthyllis montana is hardly possible.
The 12 analyzed samples of D. antarctica from both regions seem to have had different genetic origins. The evolutionary ancestral ITS variant and a derived variant have been found in both locations, whereas the most divergent variant has only been detected on King George Island. Therefore, these results demonstrate that genetically distinct plants may co-exist within the same or adjacent populations on Antarctic islands [96] . Similar observations have recently been made for chloroplastic DNA by [100] . Based on these data, a spread of plants with different genotypes closing in on their way during recolonization of post-glacial territories can be assumed. Consequently, the molecular genetics studies carried out on the population level for Antarctic vascular plants so far do not allow us to unambiguously determine the time of D. antarctica and C. quitensis colonization. In view of this, a determination of the precise timing of such a spread, as well as the age of the above-mentioned genotypes, as yet seems problematic. The problems stem from the uncertainties in the applied methods, as well as the insufficiency of the available material, both the living plant samples from the maritime Antarctic and the fossil records. Additionally, it should be admitted that molecular biology studies of these species are so far at the beginning, and this promises many unexpected data to appear in future.
Conclusions
The unique dispersal and appropriate adaptation of only two species of vascular plants in the natural flora of the Antarctic remains enigmatic. Possible approaches to solve this problem were considered to lie in the domains of the subcellular and molecular levels of organization of plants from different populations of these species. Indeed, complex studies of these aspects in Antarctic vascular plants are only beginning. At the same time, the multifarious data available so far on these species provide evidence that the causes of the success of Deschampsia antarctica and Colobanthus quitensis are not related to any unique adaptations but to their history of migration and adaptation to living in the region. In this paper, it is proposed that the explanation of this phenomenon may lie in of a prolonged spreading of these plants in conditions of gradual worsening in the maritime Antarctic with the alternating development of newly formed ice-sheets thereby a wide distribution and formation of a spatially dispersed seed bank. Both factors could potentially have allowed the two species to survive in sporadic areas that were free of ice sequentially during but a few years. In regard to this, further complex studies of glaciations and microclimates that have been the case in the region during a sequence of glacial events are expected to be the most tempting perspective in the context of the history of the regional flora. And it is only approach employing molecular genetics, population and reproductive biology studies that will be able to explain the high gradually adaptation of these species. A study of the genome evolution of both of the Antarctic genera from different regions of their areal using adequate molecular genetics and other methods is one of the main steps in the future research. At the same time, it would be informative to compare the obtained data with that for the Arctic species of the genus Deschampsia and the genera close to the genus Colobanthus.
